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SC ;.iim 

Currant work suggests that, mder certain conditions, Salmonella cul- 

tures form reduced ceils w!lich a) rerdiiy pass filters retaining the usual 

bacteria; b) are more resistant to disinfection (heat, alcohol, chloroform): 

end c) remain dormant in the absence of a stimulus from living cells. If 

verified, these findings mi:;ht require a reexaminatic-n of concepts of 

bacteriological sterility. 

This result WPS unexpectedly encountered in connection with work on 

the mechanism of genetic rOc03l3i:i2tion. Such a procesq, analogous to that 

established in Escherichia coli K-12, seens to occur in some strains of 

& gvhimurium. !&ether there is a specific connection between the filtrzble 

agent and genetic recombination, as aqlgears :;lossible, is the subject of 

current eeeriments. 
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T,ZZ GLiJXTICS OF SXI~ORELLA RG-lMs( c2) 

Third Annual Progress Royort, submitted April 20, 1951. 

Recapitulation and Introduction 

This research pro.!ect on genetic aspects of the biolo,v of Salmonella 
is directly related to previous and concurrent studies on genetic recombi- 
nation in the related group of coliforn bacteria. It will help to out- 
line progress and aims of the Salmonella project if the results from Escher- 
ic!Ks coli are briefly recapitulated. u- 

About five years ago, E. L. Tctum and the undersigned (at Yale University), 
discovered that genetic recombination occurs among cells of g. coli strain 
x-12 (1,2). This was demonstrated by mixing cells from differezutrition- 
all; exacting or auxotroyhic mutant cultures on a synthetic agar medium.., . 

}Ry suyressing the auxotroghic parents, this medium selects for a small pro- 
portion of cells which have become ?rototro]?hic, i.e., able to form colonies 
in the absence of supplementary groylth factors. Vith appropriately devel- 
oped mutant stocks it ~~8s possible to rule out the possibility ths.t these 
prototro?Ls arise from intrinsic instability of the mutant parents; they 
could arise only from the interaction of the distinct mutants: e.g., Ab 
with aR give rise to As. This t:,ve of recombination process immedietely 
suggested the possibility of a sexual process in this bacterium. Tiiis pos- 
sibility has been reinforced b,, 7' a number of eqeri;nents With showed the 
following: 

1) Recombination was not confined to nutritinnal factors. Leny other 
genetic differences introduced with the Terents (e.g., fermentation characters, 
virus resistance, drug resistance) rezssort 
among the prototro?hs. 

in all possitle combinations 

2) Recombination occurs pairwise. In mixtures of three kinds of mutants, 
only those recombinants occur tlhich could arise from paimise exchwges, 
whereas uniqueljr tri-partite exchanges are not found. 

3) In certain crosses, cultures ("heteroqgous diploidss) have been 
isolated vrhich carry the genetic factors from both parents, vrllich may later 
segregate during the further Froliferation of the culture (3). Single cell 
studies shovred conclusively that t:lis seSreg:T.tion involves the separation of 
intra-cellular units, not entire single cells (4). 

4) ilumberous attempts to effect ,-enetic exchanges by means of culture 
filtrates, cell extracts, or other preFerptiocs not containing normal viable 
cells of both Tarents have failed co.m$etely. This requircnent for intact 
cells from both parents suT))orts the conce:)t that the fusion of ordinary 
vegetative bacterial cells is t:?e bzsis of genie conjunction (as in many 
other microbes) end that no special ,;cnetic forms need be invoked. FiTnever, 
the actual fusion of cells has not been observed in this material, so that 
our conclusions on this detail of the asexual" process are entirely infer 
entia.1. 



Until recently, evidence for ,;ene recombination in bacteria was confined 
to strain K-12 of E. ~011, Cavalli, xoriring Pt Cambridge, England, has 
discovered a strain there ?::lhich can be crossed vith K-12 (5) and more re 
cently a ccnsiderable number of strains hcve been isolated (about 3; of a 
series of 500 tested) which slso silw this phenomenon (6). h.ny of these 
netI 'Qzossablelf strains are quite different from K-12, some being classi- 
fiable as paracolon or as coliforz intermedi:tes, T!lis result makes it all 
the more necessary end hopeful to sc,qtinize other bacteria for similar 
genetic processes. TVO objectives ere preeminent: a) to provide the basis 
for genetic analysis* of problems unique to other bacterial groups, e.g.- 
antigenic and pathogenic variation in Salmonella, and b) to find better 
material for the determination of ti;e mechanisms, scope, end ecological role 
of recombination. 

FJmerimental :eo-;lts *;rith Salmonella, . 

Considereble time was slent during the first tv;o years in collecting 
suitable cultures, developing teciisiques for Froducing biochemical muta- 
tions' in Salmonella (7). end in per'ecting the training of the research 
assistant assigned to this problem (3. Xorton D. Zinder). After an inter 
val during which mutants V!ere induced in a diversity of ty-pes, including 
S-..t:~hirnurium, poona, madelia, ncoiill, ?nd others, it VES decided to con- 
centrate on a coherent set of cxltlz-es of s. tmhimurium. 

Such a set was provided by Cr. S. Lillceungen (Stoc'tiolm) who bed worked 
out a procedure for b?ctoriophrge t;-oiic~ of this species. Ee kindly placed 
at our disposal representative cultures of ee.ch of his 22 ty-oes of world- 
v!ide origin. In this trey Ire could be fpirl; r sure of covering a coqre- 
hensive sample of S-. tyohimuriuln cultures without unnecessarily reduplicating 
our work. 

Auxotro?hic mutents h?ve been induced in 20 of theke t;"es, The present 
material has allowed crossing tests (like those in & coli X-12) to be mzde 
in about half of the 200 possible c-.mbinations (inter-end intra-strain 
crosses) ; the mutants required to cozclete all of the Dossible czmbinctions 
?re being produced from day to da'. It s;lo-illd be pointed out that, deqite 
technical advances, the poduction x~d c::z.r2cterize.ti8-n of at least t:!o 
double auxotrophic mutaMs in e?ck of 23 strains represents a considerable 
multiplicaticn of effort and he-s occupied the larger p’rt of the time s;_ent 
on this project to date. 

Of the 99 combinetions so f?r testi 'ed, 9 heve more or less consistently 
given prototro@s on minimal agar medim, while the pwexts seyzretela .do 
not form colonies under these coalitions. This is preliminary Dresumptive 
evidence for recombination in Selncnella t:,mhixuriu% Some of the combi- 
nations have given very ioT:r yields of ?rototrophs, a result which hinders 
the further study of the mecixnisns of the a-qzrent recombination. Our 
effort h2.s been focussed on one ?;?ruL "'w&r &mbinPticn VrLich proved to be 
esce73tioaally fertile. Culture "A" is a mutant derived in Tao steDs from 
Lilleeungents tEe 2, lQrr from tpe 22. ",fl requires histidine pnd nethionine 
"73" phenylalanine 'plus" tyrosice, and trmtophsne. Cultures of A or of B 
by thmselves have never been found to l;roduce prototro;:hs, even when very 
dense suspensions were @ted on minimal agar. However, mixtures of A with 
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B have given yields of grototrophs of at least 10-S of the perental lnoculum, 
(considerably higher than has been found in 3. coli). Since this combina- 
tion gives the highest yield of presumably r&ombinnnt prototrophs, it was 
selected for further study. Two directions are being followed a) the 
genetic rules of recombination, and b) its biological mechenism. 

!Iith respect to a) certain peculiarities have been noted already. At- 
tempts to induce fermentation mutants in ri have been mostly unsuccessful; 
a number of mutants hsve been induced in 3, and such stocks as RBs Gal- Xyl- 
(galactose-,' ,vdloseinegative) develoy,ed; in distinction to the Gal + Xgl + 
characteristic of the original A and 3. flGal1' and "Xyl" are here used as 
uselected markers, i.e., the distribution of + end - qualities among 
?rototro;hs of A Gal+ Xyl+ x 3 Gal- Xyl- is followed. So far, the proto- 
trophs &.ve been almost all G21- Xyl- like the rrBtt parent, and a like re- 
sult has been obtained rrith other markers. Honever, a very small y,ro-ortion 
of Gal+ Xyl- and Gal- .pYl+ have been formed. The disproportion of t&es 
might be due to genetic linkage, but more work will be needed to cle2r this 
UP- 

It has also been noticed ti?e.t many fermentation mutants lose the 
"fertility" characteristic of t!le original culture. This probably repe- 
sents an inherent instability in the capacity to react with other strains 
vkich must be given close attention in our survey. 

The most unexpected results deal 7,rith t!ie mecLanLsm of genetic inter- 
action, 2nd. h2ve been ptzr?osely Left to tile last, In view of their rather 
heterodox character, they will !xzve to be subjected to more than usual 
scrutiny, snd tested in other laboratories before they can be entirely ac- 
ceptable to any large .body of workers, including ourselves. 

These eaxperiments began with one modelled c.fter 9. rej-'ort by 3. 3. Davis 
(8). A U-tube was constructed r:titll an ul r t z-fine sintered Fyrex filter in 
the horiznntal arm. The tube was sterilized 2z1d filled with broth. r-;n 

V.F.S inoculated in one arm, “3” in the other. 3;~ 2.1 ternating suction on 
the tt:!o sides, the medium ~2s flushed from one compartment to the other 
until the cells had become so dense 2s to ~10s tile filter. Several elxperi- 
nents in krhich one side only YES inocalctefi With A or B confirmed the in- 
texrity of the filter, and the stability of the parent cultures. 

The cells in each comt-xrtnent v!ere harvested 2nd washed separately. 
Eeithcr ii nor B cells from control eznwrineilts cc-ve any :rototrolJhs on minimal 
eg2.r. Xo~:~ever, the 3 cells from the b-tubes in C~ich the opposite zrm 
conteined A, repeatedly geve nuzberous prototrophs; the A cells did not. 
AS in the -eqeriments in l:I:iich the cells 1-ere iC:;ed directl;r, moot of the 
I-zototroLlhs cerricd the unseiected n;rl:ers of ;, >ut otl;er ty es hcve rlso 
been no ticed. Evidently, the int~+ra.c~Lion ol x \rith 3 involves en “agent” 
yOdUCed by A Vhich c2a pass c filter t&t rot<-ins the ty+zal Cells of k 
2nd a. The a.gent !las been studied f-?2*t:ler in cxlture filtr2tss 2nd other 
pcep?r2.tions. It is not produced (excei>t .to P very limited extent in esed 
c..dt-zes) by A or 3 cultures se:3ar>.tcl;r. I;i::ed cultures of A and 3 grovm 
for sever21 hours vere seciimer;ted. --IIL t!:e s+:orn2t2nts F2ssed throI~h inJO 
%?zldler filt6rS, one medium, sze extra. fine, (the first of these USdly 



su5fices for sterile filtration). 0.1 ml. of such a filtrate plated with 
1;' cells of B usually yielded ca. 100-200 prototrophs. The filtrates 
themselves were sterile by the usual criteria (no colonies on synthetic 
or complete agar medium; no turbidity in yeast extract broth). 

TWO filtrable factors are demonstrated br/ these experiments: 1) from B 
which stimulates A to form the acent 2) trhich reacts klith 3 to form pro- 
to troplls. The first factor is probably a latent lysogenic bacteriophage 
secreted by 3, as it can -be propagated on A concomitantly nith phage lysis. 

'It can be replaced by sublethal concentrations of crystal violet; other 
deleterious treatments e.re being studied. 

The egent is readily assayed by pl=ting test samples klith washed B 
cells on-minimal agar. The number of prototro$is formed is proportional 
to the volume of a. gi.ven filtrate tested, i.e., the Essay is linear, The 
agent is more resistant than ordinq-cells to inactivation by heat. chioro- 
form, benzene, o r alcohol, end is relatively unaffected by exposures which 
effectively sterilize the ceils of 3. It is apparently nondialyzable. 
It is precipitated by 60-70;" ethanol or 60; saturated ammonium sulfate; 
the sediment redisperses readiiy in water* The a,:ent has also been sedi- 
mented directly from filtrates by ultra-centrifugation in the Spinco cen- 
trifuge. These findings simplify tile concentration and preparation of the 
agent, 

Me have not succeeded in extracting the a,;ent fron cells of 3 killed 
by heat, or subjected to autolysfs under conditions proven harmless to the 
agent itself. This and later findin~l;s sug::est that the agent is a biological 
product rather than an intrecellul>r component of 3. 

The most obvious interpretations of the agents are: 

1. as a "transforming a:-Tent" similar to tLose of pneumococci or Beno- 
philus influenzae. 

2. as a minute cell product, a "gamete", or 2 forn similar to the IF= 
forms reported by several other autilors (see 9). 

The 2ollowing results a.re esTecial1: tentative but incline to the latter 
hypothesis. I.licrosco>ic examination of active sed isents shows be.rely visible 
granules and rods resembling ordinary bacteria excel-t for their greatly 
diminished size. Probably more Lzn:ortant, plgtings of aypaxently sterile 
filtrates vlith various kinds of cells, including Escberichia coli, h2ve re- 
sulted in colonies Mth the same cultural c:lFrzcteristics and mutant mrkers 
as the original 3. TMs suggests that the agent consists of reduced cells 

' which are a) flfiltrable" b) ere more resistant to antise:ztic treatments, 
ar,d c) will reaa.in dormant oxce?t in t:le ITrcsence of li-:in: bacteria. The 

. nossible implica,tions of this tentrtive result for bro:d problems or" enti- 
sepsis end "sterility" are obvious. . . . I. In a(LtAi.610n, it s>olyld be taken into 
account in reviewing the meclrenisms of l~transformationsll re?:orted for various, 
bacteria. ?&ether thev have a uT,inue sexual or genetic function is prble- 
matical. In preliminaiy e*erizents, ilo:*eVer, the filtrates may heve evoked 
prototro+s more readily and from P t-2 *ccl- range 0~ aut.znt cultures than did 
iatzct cells of 3. 
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The Ger.e:ics or’ Bacteria (E7243) 

;tn,rxd ?rogress Zeyort submitted to the 
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I%pr.rtsect of Geriettzs, CYiversity of :liscor.sir, 

This report covers the period frcz >-Tril 20, 1951 to February 1, 1952 

A. Saxzry 

Ir, Salmor.ella typhizmriuz, 5 ze5: rr.ech.n.nisc of ger.etic exchacge hes 
been discovered; trazsductinn. ::.zy cultures er.ger.der a filtrable ager-t 
( FA) character4 0 ,,ed by its ger.utlc activity. FX trer.sn;i t s icdividuai 
char,? cteristics to isdividual cell-s, Ic ccr.tro.st to the linkage cox$eres 
exch.ar.~ed in sexual recombizaticz. _:.I1 of the traits studied (nutritional 
requirerzects; ferzextatiocs of e:<a,-s; resist,-ace to streatomycin: ar.d 
flagel1s.r serotyp) were tracsdXi2le. Tar the most part, laboratory 
rmtrtiocs of S. ty-ki.mriur, were studied. IL addition, the r-atural 
differerces of S. ty$-A azd S. t;-,?-i?>J.riTlrr, were exchanged resultir,g, for 
exm:,le, ir, tke seroiogical %y’crii:f CT tke antigenic formula: IX, XII, 
i;--, (sonatic aLtiger, of typl?-i.i; flagella of ty?kriurim) . De tailed 
studies of the ger.etic acd %ize$lc ?=,ro;;erties of the Y-1 have been ir.iti?ted. 
It may be related to Ixrticles a.Ext .l micron in diameter visualized nith 
the electron microscope ir, FartiLl;- r,urified active preparati0r.s. 

Ir- Escherichia coli, the sezz.1 i:rocess underlying genetic recombination 
has been studied for scx time. :irr~ r.ew kterfert ile straits have bee-r. 
f cunc. For the first time, evidence of specific conp,tibility relatior-- 
ships, i.e., of acxual or heterotkG.lic differentiation, has been uncovered.- 

Xrect evidence of the sIontaneit;r of drq-resistance muta.tion has 
been secured by a new method: rc$ic,a nlnting. 
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B; ml1 Statement of Progress 

1. Genetics of Salmonella. 

The last report presented first evidence for a process of genetic 

exchange in Salmonella typhizruriu.., This report also gave a brief review 

of prev.ious work - ‘-‘: to these studies. At this time, it can be seen 

tlizt cert:.,:, o- tiir3 cocciUsions of the i.951 report were &correct, par- 
. 

ticularly those which attempted to r;;tions.lize genetic exchange in Salmonella 

ir, terms of “reduced cellsI or gametes. me mcchar,isn of recombination in 

Salmonella appears to be fundamenfaily different from the sexual processes 

of ‘;I -‘. ccli. To emphasize this distirction, the term “transduction” will 

be applied to the Salmonella system. 

Most, if not all, strains of S. typhimurium are lgsogenic, carryirx 

ose or more latent ptages, act ir-z on other ty-phimuriua or other serotypes. 

Under apropriate conditions involvirg either attack by a latent phage 

from another strain,.or the (rether obscure) activa.tiori of its own latent 

phage, almost all strains have Seen f0u.r.d to liberate a filtrabie agent 

rr7A” with remarkable genetic properties. . . Sterile, cell-free preparations 

of l?A are capable of transferrin; individual traits from the donor strain 

to ot3e.r susceptible strains. 

For the most part, we have relied upon nutritional requirements (obtained 

as ultraviolet-light induced mutants, a.nd isolated with the help of the 

penicillin method) as the genetic kzrl:ersi’ for these eqerimects. Ve 

have also used fermentative differences (both natural a.nd mutetional), 
. 

resistaxe and susceptibility to streptomycin and the natural serological 

differences between serotypes (s. typhi and S. typhimurium). Since the 

frequexy of transduction for a pa.rticuler character is only about 10 -6 

to 10-5 of the treated cells, selective media must be used to detect the ~" 



cixsg e s . For nutritional ci=anges t::is sin&r ih.mives piotirigs on 

s;ynt>.e’,ic 2gar medium, Ferment tfve or resistance transductions were 

detected by platings on sugar- or strcgtomycir.-containing az2r. Flagellar 

antigenic changes were selected ‘:j Scrdr s techxique (inoculation of 

senisolid agar containing sF;ec9f’,c ?xsiserum). For tec~sical reasons, 

the genetic changes involving rutrition;: 1 requiremeEts have been emph2sized 

for quantitative studies. Sever?l ;I- the a-xotropki$ mukrits are sufficiently 

stable that soontaneous variaticrs co:Ad not be detected: for some, the 

spontaneous reversions did CCC’Z frequently enough to require corrections 

for their rates. ?erha?s the most im7ortar.t distlnctlve feature of trans- 

duction (aside from the filtrcbiliz;: of the eqent) Z2.s to do with the un- 

correlated behavior of different nari;ers. In sever,?1 different detailed 

e~~scrisents ir, !i:ich the ?A-dcxsr dif:+ored from the ?--.-recipient strain L 

in severe1 respects (e.?. , rxf,ri-,ior.: fermentation of ;rJlose; fermentation 

of galx tose; resistance to s treTtct;icic) , ea.ck of tSe individual traits 

k.as subject to tr2nsductioc, 5;: ir3ependectly of all the others. That is, 

e.g., all of the streptomycin-resistzt trrrnsduced,cells remained like the ’ 

serett cells in respect to ferzent:.tion 2nd r.utritior., 2xd so on. This is 

in mcr!ced contrast to the unrestrl cted excknge of several mar!cers in 

the non-fiitrzble 2. coli system.. Ye have therefore defined l~tr2&sduction 

2s a geretically uzilatera.1 c:ic:^.Er;;e, in coctrast to tte union of 

ecpivalcr,t elements in fertilization”. 1~. t&e lest ret;ort , we were uncertain 

whether t-he Salmonella FA might not cor.sist of some sort of Ireduced cell” 

or “geneten, but tho transfer of sirzie elener.L,e is inconsistent with 

such an icteqretatioc. !.Te \:ere &so coccerned about the persistence of 

occasional,gossibly dornz.nt, cells of t>e donor str?-in in the I’A filtrates. 

??e have since found t&t filtr-tier. thr;u,-:l W  sintered ?;!Tex discs con- 

sistently removes all conkminztizg cells without impairing tr2nsductive 
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activity. !!&e greater f iltrability (through Manlier, diatomaceous earth 

candles) of bacteria in T.4 pregcratiocs comp?rod to ordinary cultures is 

02 questionable relevance to the present prcblem, although it may-still 

be significant in other conr.ectlons (cf. “I,-forms”). Most of the FA 

prepa, L “. --++OLS usedin our pesent wor!r show zo evidence of the persistence 

cf the dozer cells in .x:r orgzized form. Sir.ce icdividual traits only 

are transferred, transduced t:.mes are usua?.ly rec?dily distirguishable from 

both t’r.e donor and the recir,icr.t strain. Therefore, the sterility of the 

?A pre,, --ratiom (althou$l weI1 verified) is not critical for the validity 

of thedr effects. Some t>irt;.r ,iiffercnt markers, in severzl different 

s treizi , h2ve Seer, tested for tkeir tr-r.smissioxz by ?‘A, and gave co~xpar~ble 

results in each case. There CT.~. be CO doubt tkzt the tracsductive system 

a@ies to most or all of the gczetic mcterinl of S~almone?la. 

leproducible, lir.ear a.ssrys for ?A have been develo?od, based uson 

the yield of zrototro$x from sxs?ensions of auxotrophic cells plated wfth L 

the test sampies on mininal o,-ar. !EAs hzs allowed studies of the stability 

and prification of 3, er,d of its xtsor;~tior. cn -0 +’ susceptible cells. 

Concectreted peprations assn.:ring close to 10 6 units!ml C2ve been obtained 

by frxtiono.1 centrifugztion cr.6 TreciTitztion with alcohol and ammonium 

sulfate. such greperatiocs cre visibly opalesecent, and show, un{er dark- 

field and electron microsco:;y c’merous gr,?r.ules uniformly about .l nicron 

in diameter. The associntion of tr?csductive activity with these granules 

is or.17 a working h:Tothesis, but the size estimate is consistect with that 

secured by cectrifugztioE ar.d f.i_ltrct.i.on e,merimer.$s with gradocol membraizes. 

Tr,e r,regarat ions are not yet , in 01:s. jud.;r?.ent , sufficiently pre to warrant 

direct chemical 2nalysi s . 7.; k-s ?rored to be resistmt to several 

enzymes, including try?sin an5 deso~~riborxxlease. The last pair-t is tke 

chief difference between the Salmonella transduction 2nd the ‘transforming” 



systems of the pneumococcus and I-kmc;:‘-ilus, but may be a reflection of 

greater s true tural organi sat i on. 

The adsorptive prcperties of ?.A are rclpted to tLe l%Iil’ some.tic 

antigen of the salnonellae of groups 3 PT.~ 3. Kost of the serotyl;es 

tested from these groups adsorbed F-i with high efficiency; rough S, 

t;Thimurium, or bacteria from other grcu~s lacking the XII antigen fail 

to bind I’A. 1Yhether the adsorption of S. t;.Thimurium FA by other serot;qes 

is follo>red by genetic transduction hr.s beer. tested only for S. tiphi. 

The differer-tial traits most readily e-railable were streptoc~cin resistance 

(from a Sr S. t>Thimuri&), fornentction of rhamnose ar.d of arabinose, 

and the serological differences. The resist:t-,ce and fermentative differ- 

cnces were individually transducible alcng the same pattern as between 

S. ty-phimurium strains. Kocoscecific anti-IX sera could not be obtained 

in sufficiently 

antigens (owing 

t yphimur ium) . 

high titer for selective eqeriments ir;volvirLg the somtic 

to the complexity of the XII anti::en common to typhi and 

The differences ir, the flagellrr antigens r.fYnrded r.r. excellent 

opl3orturiity to test the possi’oi14* ,~y tL:_.t transduction would yield sig- 

nificant, new, “hybrid” tyr,es. S. tjT!:i is diqgnosed es IX, XII; d:-. 

S. typhimuriuii is IV, V, XII; i-i,2,3 . . . Derring the exceptional 

occurrence of artificial sJn phases, S. tyl:!;i cells are immobilized in 

semisolid agar containing d-antiserum. In ebout half of a score of trials, 

however, inocula of S. tjq-hi cells cmosed to S. ty@.murium 3’A kave 

resulted in a motile (nor--d) T.;h,yse. Follo:;ir,l; j:urificatiori, these have 

been proven to be a new “hybridI’ serot>Te: I*< - , :;II; i----. (Ue are indebted 

to Dr. 2. -9. Edwards of the P.5.S. Ccm:u.nicable Disease Center for confirming 

this diagr,osis, and for providing man; ei;i,erimental materials). ZiiY tj?;e 

has not yet been encountered outside the laboratory. It is amply Clear, 
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however, that trar,sductioc majr well be ST. active mechanism for the continued 

evolution of new Sa.lmonollr tmes bg the recombination of existing antigens, 

Qu;lntite.tive adsorption s tudiss kave been conducted only within S. 

ty~ki33.riu;n. ddsorptirn of ?A 0ccz.r~ proml,tl;r: saqer.sior-s of 10g cells/ml 

become saturated within fifteen mln-;tes at 77’ C. Fc cofactors or pre- 

tre?tmer.ts of the cells have Yeen fcund r-ecesscry for adsoqtion (contra 

cert? ir, -,b-i~es, or the pceumococcas trzns~orain~ ~rinci~ie). . The efficiency 

Oi ” t2arsdzction aTpeers to be 1imiteS by the saturation of the susceptible 

cells. The eqeriments do r.ot Fermi: us to evalurte hew many.zrticles 

are edsorbed per cell, It is not necessary to cc-elude that or-e adsorbed 

particle escludes a.nother, ‘cut t?.-.is is 2. possible eqlanatior. for the 

s t “- -1 . . .,e-r-ess of transduced effects. Tk-e saturation of ceils eqcsed to 

excess ?.A h=es been verified ‘t;r their refrTctcrir.css to trsnsductioc by a 

Seco~cL 7 ?A Freraratfon ca>ablc of mediating addZtion:l effects. The 

saturation ievel corresponds to t2.e CL-. -versior. of abo-;t one Fcr 5OCJ,CCC 

cells wit:; respect to .a sir.glc trait. T2.e >rcportion of cells tznsduced 

for all other traits is certair.l;- z.-~ck hitcher, but n?.,cffects are dis- 

cernible unless the donor az;d reci;ier.t cells are different. Tt,e most 

cons5stent picture is that Each 3-k ;c.rticle is associetcd with a single 

gecetic potentiality. If a cell adsorbs 3 particle of a t;rl;e relevant 

to later experimental tests, it Viii have a certs.ir- (so far undetermined) 

char.ce of being counted as a tra:s+ictior.. . . It 1S teZ3tlilg A to identify 

the ?‘A particles as nneked geresn, ‘cnt the fate of ccm;prable speculations 

or. fiitrable viruses serves as a 3~1.rnir.g. In .any ever-t, the particles 

a:pezr to be too large to corresyr.2 tr, id..ivi&-;;A Zenetic IlLitS: either 

ttey are more complex than our cx~crk.e:-.ts have so far revealed, or the 

T,articles are vehicles for a much s.x.ller actiire mit. 

This re;)ort is xbstrscted fron a manuscript by X.3. Zinder and J. 

Lederberg ‘*Genetic Xxchnnge in Salnonella~~ already submitted for publication. 
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2. Mecbxisn of Eeveloymez', of Bacterial Zesistance to Antibiotics. 

zes-7itc considerable ev’;ar -&-..ce favoring the spontaneous mutation theory * 
of lrdr~l~ resistance of bacteria, the question has continued to be mooted 

_.., 
whether an antibiotic mi,-ht nt: actually induce directed mutations for 

resister.ce. So ions as resisz2.r.t zuts.nts cculd not readily be isolated 

except by e:Tosin,; bacteria Erectly to the selective e&nts, only rather 

indire.ct and abstruse (biome:rlc) evidence was available, and judging from 

many -Informal discuss i.ons, C-is LLS not been entirely convincing to many 

bacteriologists. A recent a?:.-;sr.ce in net.iods-- replica +a ting and indirect 

selection-- hss resolved t?.is r.roL lem to some extent by making possible tne 

isolation of res5.ster.t mutaEts *tiitoZt direct eqosure of the selected 

bacteria to the drug. 

Ee;7lica-platirz is a mekc2 fcr 11co;7ying;’ or “Frinting” the patterc 

of microbial growth from an ir.i;fal a~,- -?r nlate to a series of other media. 

A skeet of velveteen (pevicc;l;- s:ear.-sterilized) is fastened to a sc?port 

wi tk. circular cross-section sli;‘nQr srzller than a Petri plate. The 

initial plate carrying the b2.c:aris.l growth (colonies or otherwise) is 

pressed down or. the velveteen, tracsferrir+; an imqrict of each colonly 

to the fabric. Plates of v~rlo~~s agz.r media can then be pressed on the 

same fabric, ar,d ::ach of t;;et ::ill be imprinted with a replica of the 

original grol:A!:. Upwards of 222 colonies on a plate can be transferred 

ir. one 073eration to a series o- c f other plates with accurate registration of 

their position. The applic&ticns, for example, to the more efficient. _ 

detection of nutritional vzripr.L*s, or deternin?tlon of zntibiotic-sp~eC&ra, 

are nearly seif-evidect. 

?or tke present qplicatioz, the i:-itial plate czrrieS a uniform 

film of growth from a lerge, spread inoculum, rether than single ColonieS~ 

If, for example, mutations of 2. ccli resistar,t to streptomycin h.ve 
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occurred spontaneously duri= growth on this plain medium, the resistant 

cells should be distributed as families or clones of varying size. Ilhis 

prediction was readily verified, for re@cas to a series of streptozjycio 

acs~ plates resulted in the develonment of resistant colonies at super 

i,qosable positions, correspondin, 7 to the locr?.tions of the mutant clones 

on the initial plate. The clonal’ occurrecce of resistant cells is not 

consistent with the’idea that resistance is directly Fnduced by the 

streptomycin. 

TLe eqeriment can be extended to give an even more rigorous con- 

. . c;uslon. The initial plate has not been eq;osed to streptomycin, but 

the sites of O;ELEJ of the resistant clones have been revealed or‘ the replica 

piztes. Inocula taken from the inciice.teci sites are considerably enriched 

in the pro-portion of mutant cells (from iOO to iCGO-fold). The enriched 

inocula were replated at a higher dilution so that a few resistant cells 

were included. After growth orA the second initial pkte, replicas were 

again made on streptomycin aqr, and the resistant sites again located. 

The repeated enrichment by lCO-fold resulted after a few cycles in inocula 
\ 

of which a considers.ble fraction was resistant, so that pure resistant 

cultures were isolated from sirqle colonies. At no point has the indirect 

selection line been eA-posed to the streptomycin; the re$icas alor;e were 

so exposed, and these were used only to locz.te the mutant clones. 

The pure resistant cultures were stable, resembling in every respect 

the mutants obtained by direct selection. E&e method was also applied 

to ‘phage-resisterice in 2. coli, end s!;ould be of general utility. 

These da.ta are embodied ir. ‘Qer;llic Plating e.r.d Indirect Selection of ,. 

zacterial 14utontsff, by J. Lcderberg and X.X. Lederberg, 1952, J. Bact., 

In Press (Skrch 1952) l 
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Note on physiological mechanism of streptomycin-resistance; Other _,,.- 
workers have reported (Smitii, OginsLy, and Umbreit, 1949, J. Bact. 58: 

761-767) that mutants of s. coli selected for streptomycin resistance 

show profound changes in tneir r.erctfc metabolism, so that the resistant 

forms are unable to be benefited in their growth by aeration. It might 

be thought that this modificaticc was a direct effect of eqosure to 

streptomycin, similar to the acrfflavice-induced r,on-aerobic mutants of 

yeast discussed by 3pLrussi, ra.t&r than a consequence of the resistance- 

mutation. Tcis possibility would be of great genetic interest, and would 

be accessible to study b.e means of inddrect seiectioc. I:e soon found 

hovJever that we couid not repro&;ce the -published findings: each of several 

resistant selections in sever:-1 s+nqir* of 2. cold was ber,efited b;r “a c-.a. r.J 

aeration to the same marked degree as its sensitive parent. The mace 

held fcr strains provided by the Markers cited. Ne have since learned 

that other invecjtigators likcvise failed to confirm tho reported findiqs. 
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3. Genetic Recombination in Rscberinhia m . 

Tr.e methods, e,qeriments, ?r-5 reasoning that h.ave led to the conclusfon 

that a sexual phase operates ir. 2, coii have been presented at length in 

several. publications (cited in 5151io.--q ,-+h;r in su?>ort of Research Plan) ’ 

as well as in previous 7)rogress re3ortn, and will not be rereated here. 

This process is under intensive study from many asy,ects: two new 

developments are of sufficient LaturLty and gerxrel interest to be recounted 

in this report. 

a. Strain crosses. A  screer.irg method Freviously developed has been 

aTr,lied on a lzrge scale in a sesrc: for additional sexaully fertile 

straizs of 2. coli. The scree nir,: test identifies only those cultures 

capable of crossing with the initfal K-12 strain. About 35 interfertile 

strains have beer- isolated in tests of about 15OC isolates from various 

sources. Piost of the fertile cu:itures were obtained from Suzan feces, 

mice, or infected lesions, ilthongh other sources were weli represented. 

Nevertheless, no obvious cultural c%r?cteristic serves to identify t-he 

fertile cultures as distinct from the overali population. Mcst of them 
\ 

are fairly typical 2. coli with individual differences ir, sugar reactions. 

A  wide range of colicin and +age responses, colonial rcr~ho1ogy and 

serological types is represented: the major soms.tic antigens are distinct 

in host or all of the strains tested. A  program on the immunogenetics 

of 2. coli has been initiated to determine the genetic comFlerity and 

mode of hereditary transmission of the somatic antigens. To date, it would 
. 

ayqex that these antigens m -e inherited and reconbinadle as unit factors 

in the same sense as other mutative or ratural differences. 

b. Genetic and envirormectal control of fertility in &  & K-12. 

Until recently,. no eqerimentnl rnodl- ‘Citation of the frequency of recoobication 

hd beeK discoverec. . All mutant derivat;ves oL * 1-12 crossed amxig themselves 
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6 
w, cs ;A atout ti=e sme rate (equivsler,t to 1 recombinant per ca, 10 parent& : 

cells izaculated in the selective test system), and no eqerimentnl con- 

dit i0r.s trere kzowz to modify this rate. In particular, there has been -. 

LO e;rider.ce of a metin,~t;~e diffe-entia:ior.: a search fcr this was a 

-,rime objective of the strain-crossirx ~rogr2.m. A butationJ~ r?- (as 

ccz’,rss ted ~1tk the wild tze 3’+) k2s beer. fourA with the following 

defir- i:ire yrqertjrr two F- str31r.s will -rot cross with each other. r+ 

s -1 ;r an2 3 I T- 2r2 fertile. AltLcul;h quarr.tit,. -tive studies hp.ve Lot yet 

‘ceer: czrried oat, the latter crosses q;>eo.r to te ~0762 fertile ti;ar. tte 

fo rze- A) so t‘nst zn ixipient mat 12-5 t;pe Cilferentiaticr. is ir.c?icated. 

zertsin fi stocks skew tl-5.s preference for F- and irxoq7titility with 3 

p..rtr.ers =ac:: more than ethers. “Le T?C st s~rpri sir.g development concerns -1 

t!le trAeri’Y3.xe of the P/F-- ck:ractcrs. Tk;c Freser.;’ of ail crosses of 

y? :c Z- were zrifcrcl~: -3. After csi-f:r ,Aynetic tests ZlSO raised the 

3cssikzl ‘-it7 t&t tke Ft ckerzcter c-uld be directly trPs.smitte$ to I’& 

cells, t!:e following t:Te of exTer:mer,t wc.s done: W Lac- Ss cells were 

icccuittted ir,tc ‘troth together wit:? R- Lx- S 
r 

. After vcryir,g priob 
\ 

of irmi~~2ticL, the mixtures were streaked qut or. 22.2 or streFtom:cin agar 

to reisolate tke Lac- Sr, ~reauma’s~.; F- cells. UT,OL retestiq, however, 

zest of these colonies proved to tc 3%. Tkis trensnission of P+ is extra- 

ordinarily efficie-t. Vhen lo8 ml cells eac!~ of marked F+ and F- cells 

were incubated in broth for one koxr, over 10;: cf the originally F- cells 

3.s.d become &Z’+; over longer periods, almost all the ,P- kecxie 3. l?o other 

geretic ci=ar,ges were r-0 ted. Tke tr:nsxi.ssioc did not occur in pow 

r.utrier,t media, ir, t2.e cold, nr via sterile-fiitr>.teS. Some preliminary 

eqeri.zents have beer. done on the pe5siIil:ty of trscszissioz via cell- 

free ext?cscts. Tke 3 rgent is rezQl;r distinguished fron lysoger?ic 

virus. This system is remarkc‘cle in prcvidir-g tke or2 exaqls-0f.a 



nor.-semal ~tracsduc tioc” ir. g. coli X-12, while the characteristic 

irivolved is the ability to undergo sexual recombir.ation. 

The Ft factor is of wide occurrence in 2. coii, as tested by its ._. _-- ._ 

transmission to I?- testers. About tzLlf of the intcrfcrtile strairs 

carry such an agent, and, in a limited rxmber of tests, a few z-fertile 

isoletes also show it; The nor,-?+ but interfertile strains form a’new 

categcry, since some of t5em were shorn to cross with ,F E-12 although 

neither gnrect seemingly carrie.5 tke st.ozda.rd P+. 

It has also been fouml t&t some ;U cultures .resnccd to aeration to 

simulate the F- behavior. This 3 nphezocopy” is reversible, dis.aTpearing 

wher, the cells are recultured uf:hout aerc-ticn. !&ether t’lis and other 

ddfferences of various Z’+ stocks are due to differences in the I?+- ager.t 

itseif is udcr irxestigztiot. 

In additior. to these studies, work %as continued or. the nuclear 

cyto?.og of haplofd 2nd di”loid. 2. coli; OP formil ar.d Fhysioiogical 

ger.etics, especi&ljr of the loci controlling lactose-fernentetion; and on 

the effects of rsdiaticrs or. tke ger_etic beh;&vior &F & coli. Yne present 

state cf these problems is such t&t a formal statement of progress would 

not ?ze very meanir.gful. Sme details zrs! included, however, in a suzmary 

E?r,alys i s of t’:is laborztoryl s wcrk: QccoQbir.at ior, oxalysis of bet terial 

Zeredityn, Lederberg, J., Ledertorg, 3,, Si:der, P.3., and Lively, ZXL, 

1951, Cold Spring %o.rbor Syqosia C&-.;.t. SioI., vol. 16, in press (80 

manuscript oages) of w5:ch reprints trill t:e forwarded as soon as they are 

avai12bl.e. 
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c. Significant Accomplishments to Date. 

Tile most SigtifiCact accomp- * -xLmect of this research program is to 

lay the grour.dwork for the genetic study of bacteria bjr recombination 

techniques. This has led to the discovery in Escterichia coli of a re- 

comb inat ion mecPar,ism the.t is aimost certainly based on a sexual process, 

a mechanism previousiy excluded from bacterial biology. Tne lerger part 

of our work since has concerned the details of this sexual process, its 

retural distribution, and its apFlice.tion to the genetic investigation of 

drug resistance, enzyme forsetiori zd antigens. It has been verified 

tl2.t resistance to stre$cmycin is a result of gene mutation. Tris . 

mutation. resembles genetic v;lr iatiox iL higher forms in several detailed 

respects: it occurs spor.tcrAeously; it tax. be localized on a schromosomes 

by means of lin’kage tests; it shows simple dcmicarce relaticnshi;s in 

heterozygous diPlaid cells (sexitfvity is dominant to resistance) . 

Investigations or.‘iTeurospora %x?s led other investigators to the 

ccnclusior. that gene-enzyme relotior.sLi?s are simple ?id direct. Ye h-?.ve 

fT:ur.d SC sqqort for this conclusion in studies or, bacterial lactase. This’ 

enzyme is subject to cTr,trol by ar.y of G large cumi3er of difforent genes, 

some of which also affect other enzymes, Studies on mutants have ccntributed 

to the elucidation of “direct It ferrcctative pathwqrs of disaccherides 

(e.g., tne ;Lncjrlo.maltase of g. coli). In the course of these studies, 

VarieUs methods aFpiicable to biocteciczl 3X;d genetic studies have been 

developed, e.g. : determination of loct.!.se by a chromogenic substrate 

o-nitrop~enyl-B-C-~~alactosidc; the penicillin method for the selective 

isolstior, of biochemical nutahts; reclica-nlsting method for large scale 

characterization of cuitu.*es, 

Similar studies on a second group of organisms, Salmonella typhimurium, 

have led to a very different result. xecombinotion occurs, but not as c 
: 



result of a sexual process. Ir,stezd, ir,?ividxal gece tic factors are 

singly transduced from one cell to ano:Ler. This process has been ex- 

perimente.11, v verified to produce e-;clutlonary novelties, for example, ” 

a serological lkybrid-11 of S. t;-chi azd S. ty$imurium. 

These studies are not at a Ic-;el wk.ere concrete accomplishments in 

tke form of a new vqccice or e..ntiZiotic ccr. be cited. ‘Zhey are concerned 

with the understandiqg of the biclc,;- cl’ zicroorgsciscs, tke details of 

wLic3 are r,ecessary to long-ra::gc de*;slo-nent of technological, medical, 

or egideniological control. 

The following ~Lblicati0i-s ‘r,a-;e zresected tke mair. accoqlishments; 

in most cases the titles are self-e:.ql,lr:atory. 

Lederberg, 3. 1947 Gcr.e rec:z31xzcioz ar.d lirked scgregzti.ons ir, 

g. coli. -- Genetics 32: 5;5-525. 

1947 The ktritior. of Salmonella. Arch. Siochem. 

13 : 287-290. 

1949 Aberrant heterozygotes in Zschcrichi?. coli. 
\ 

Proc. IJat. Acad, Sci. U.S., 35: 178-184. 

1950 Isoktior. and characterization of biochemical 

mutants of bacteria. Ltethds in !.:eCica.l Zesesrch 3: 5-22. 

1950 The beta-Cgdactosiciase of 2. - coli strain K-12. 

J. Bact. 60: 381-392. 

1950 The selection of genetic recombinations with 

bacterial growth iriibitors. ;. zact. 59: 211-215, 

1951 Single cell is0latior.s of diljloid heterozygous 

2. coli. - J. Bact. 61: jji-jjj. (with ii.>. zelle). 

1951 Frevalecce of ;. coli strains ekhibiticg gecetic 

recombination. Science IN: 68-69. 

I 1951 Streptomycin resistance: a genetically recessi*Je 

lmJ.J, 61: -..fi49. - 
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1951 Genetic Studies vith Bacteria. pp. 263-289 

in Genetics in the 20th Century, edited by L.C. Dunn. 

MacXllan, N.Y. 

1951 liecocbinatioz analysis of bacterial heredity. 

Cold Spr. Earb. Symp., i6: In Press. (with E. Lederberg, 

B. Zicder , LB. Lively). 

1952 3eglica _ nl?.ting end ir.direct selection of bacterial 

mutants. J. Dact.: in Fress (Xarch 1952) (with E.X. Lederberg) 

195- Gecetic exckz,-e ir, Salmor.eila.. KS ready for 

sukmission (with 2.3. Zizder, ~1;. 37). 

D. ?lans for iText Year 

The general outline of the next yearns work is already irherent in 

the current experiments suzzrized ir. Fart 3. Ir. tile Salmonella transuc- 

tlon system, the followir .+-y aspects sSnuld be given special emphasis: 

1) The purification of the transducic;; qent, following procedures worked 

out in preliminary fas3ion (cs~ecially differential centrifuga.tion) ; 

2) morphological and chemical characterization of t3e purified material: 

3) further explore t ion of the conditions of formztion of 7-4, a.nd its 

relationsXp to phage; 4) the distribution of ?A-prcduction and respons’e 

in Salmonella; 5) exploration of serolo,.;ica.l l’hybr ids 1’ of other Salmor,ella 

t;peS, and the pathogenic properties of such wbrids in experimental 

animals. ‘. 

In Escherichia coli, the progrcm of immunogene tic study is merked for 

special emphasis. Antisera1 reagents are being prepa.red against inter- 

fertile straits; cone of them hpve beer, frizctiorzted by reciprocal ab- 

sorption. The segregation of z1r.t Tigenic differences ir. strain crosses; 

the examination of recombicoxts for r.on-p?rentpl antigens; and. the 

antigenic behavior of diploid hy3rids ere t5.e mair, features. In addition 
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to somatic agglutinog eata, flzgcllar antigens end extractable Frecipitico- 

gene are to’ be ‘studied, the letter including the enz;-ne lactase. Vheri. -- 

the groundwork has been laid, i: is hoped to look for niutations affecting 

antigenic specificity. Selective ret;Iod.s s!:ould be feasible: iim3obilizatior. by 

serum-2ga.r for flagellar chac,:es, end bactcriolysis with com-olenent for 

soroatic antigen &tations. 

The heredit;J control of fertility bg~ the -I’+ systen is also of presect 

interest. The node of transmission of the 3-k agent, its separation from 

the donor cells and the physiologica. b,?sis of the F- sodification by 

aeration are under present icvestizati.Jn. Ye are also studying the 

distribution of the -3% qent ax0r.g bacteria, and will look furtker ir.to 

its correlation with the potentiality of genetic reconbirxtion. In s tr2.:r, 

K-12, there is already evidence (tke grezter fertility of Fk x S as 

cornFared to I?+ x J&- and the sterile T- x F) t&t the Ssjrsten leads to 

an incipient heterotkallis3 as is ckractcristic of rrany fungi. ?he 

W agents from vrrrious sources will he corzFcred to det\ernke whether par- 

ticularly compatible conbirxtions car, 30 found t&-t trill lead to a six- 

plification of the study of recombinrtinr. by ger.etic metkcds. If the fre- 

q;leccy of recombination can be urjgr?dcd, 2nd tl=cre is LOW the first 

evidence of rational control, it nay be possible to qproach the problen 

of bacterial sexuality by more direct cytological study, 


